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ABSTRACT

REDISTRIBUTION OF BLOOD VOLUME DURING THE ONSET OF
DEOXYCORTICOSTERONE ACETATE-SALT HYPERTENSION

By

Bridget Mahon Seitz

The splanchnic veins are known to hold the largest amount of blood within the
circulation. Structural and/or neurohormonally mediated changes in the diameter
of these vessels can lead to a reduction in splanchnic vascular capacitance and blood
volume. This causes an increase in cardiac filling pressure as blood is translocated
towards the heart. The resulting redistribution of blood into the arterial circulation
could be a factor in the development hypertension. Previous data suggests that a
reduction in vascular capacitance may play a pivotal role in the pathogenesis of
hypertension in the DOCA-salt model, but no direct measurement of volume shifts
have been reported. The purpose of my research is to assess blood volume
redistribution during the onset of DOCA-salt hypertension using bioimpedance
measurement. Regional bioimpedance allows for the measurement of total fluid
content in specific body compartments. For this study I developed a method for
repeated measurements of regional bioimpedance in conscious, unrestrained rats
over several weeks. Using this technique, I am able to show an increase in
impedance in the abdominal region in DOCA-salt treated rats (most likely indicating
a decrease in fluid content). I conclude that fluid translocation from the abdominal
region due to decreased venous capacitance may participate in the development of

DOCA-salt hypertension
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Introduction

1. Hypertension

Hypertension is defined as a sustained elevation in systemic arterial pressure with a
systolic blood pressure >140mmHg and/or a diastolic blood pressure of >90mmHg.!
The World Health Organization estimates that nearly 1 billion people have
hypertension worldwide. This number is predicted to increase to 1.5 billion by
20252 The global disease burden attributable to hypertension is substantial
because hypertension plays a major etiologic role in the development of other
cardiovascular conditions.1-3 It has been shown that even small increments in blood
pressure are associated with increased target-organ morbid outcomes, such as
stroke, coronary artery disease, renal disease and peripheral vascular disease.3 As
a result, the threshold values for defining hypertension are ever evolving. In fact,
the Seventh Report of the Joint National Committee on the Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure has introduced a new category,
“pre-hypertension,” to describe individuals with blood pressure values as low as
120/80 mmHg.13 Most importantly, pre-hypertension is frequently considered a
“precursor” to hypertension.# Alterations in cardiovascular structure and function
have been shown in recent studies to precede the finding of elevated blood
pressure.* These findings have included the occurrence of left ventricular
hypertrophy,+6 diastolic filling abnormality,® endothelial dysfunction,” as well as
impairment in autonomic regulation® as precursors to hypertension. Whether pre-
hypertension alone, or association with its common cardiovascular risk factors,

leads to hypertension is still uncertain. However, these results provide evidence



that mechanisms operating during the early development of hypertension could be

crucial in producing the stable form of the disease.

While there is no cure for high blood pressure, it is controllable by many different
behavioral and pharmacological interventions.! Thus, managing high blood
pressure is a lifetime commitment, adding greatly to its economic impact on society.
Further insight into the pathophysiological processes that occur during early
hypertension development may provide treatment strategies to delay or prevent the
full-blown disease and attendant target organ injury and the associated economic

burdens on society.

A single main cause for hypertension is discernable in only 5-10% of human
patients.! Examples of such causes are renal artery stenosis, renal parenchymal
disease, and mineralocorticoid secreting tumors.® The remaining 90-95% of
hypertensive individuals are said to have “primary” or “essential” hypertension.!
Genetic as well as behavioral factors contribute to essential hypertension,1® but to
widely differing degrees in any one individual. Thus, there are a myriad of “causes”
for essential hypertension, however all ultimately lead to a defect in the regulation
of blood pressure. Likely causes of high arterial pressure in essential hypertension
include: over activity of the sympathetic or renin-angiotensin-aldosterone systems;
renal dysfunction leading to excessive retention of sodium and water; impaired
endothelial cell release of vasodilators; and structural changes in large and small

arteries associated with aging.12



2. Overview of the Circulatory System

The regulation of arterial pressure involves many complex processes that govern
total circulating blood volume, and the function of the heart and vasculature. To
aide in understanding the potential causes of increased pressure within the arterial

system, a brief overview of the circulatory system is necessary.

The peripheral circulation (excluding the pulmonary circulation) is a semi-closed,
blood-filled circuit that consists of a high-pressure arterial side and a low-pressure
venous side arranged in series. Capillaries connect the two sides where oxygen,
nutrient and metabolite exchange occurs between blood and tissue. The venous and
arterial circulations work in balance and are controlled by neuronal and humoral
factors that help achieve overall homeostasis of the circulatory system.12-13 The
main function of the arterial vessels are to distribute oxygenated blood from the
heart to peripheral organs such as the muscle, viscera and brain. In addition, small
arteries and arterioles in various organs within the circuit control regional
distribution of blood flow. This distribution by adjusting the arterial lumen
diameter through changes in the tone of the vascular smooth muscle located within
the walls of this vessels.12 In contrast, the main function of the venous system is to
collect deoxygenated blood and return it to the heart. Some veins also serve as
important blood holding (capacitance) vessels. Veins are 30 times more compliant
than arteries and therefore are capable of holding relatively large blood volumes

without alterations in their intraluminal pressure.!3 In conclusion; arterial function



regulates resistance and flow through the circulation, while venous function

regulates capacitance and volume.14

Arterial blood pressure is typically described (using an electrical analogy, i.e. Ohm’s
Law) as the product of two hemodynamic variables, one directly measured and the
other calculated. Cardiac output (CO) can be directly measured as the volume of
blood that is ejected from the heart and flows through the arterial system per unit
time; it is the product of heart rate (HR) and stroke volume.12 Systemic vascular
resistance (SVR) is a calculated variable that reflects the many forces within the
circulatory system that impede blood flow; the most important of these forces is the
vascular diameter of small arteries and arterioles.!> Hypertension occurs when the
value of one (or both) of these hemodynamic variables (CO and SVR) is increased

above the "normal” range for arterial pressure.

In general, the onset of essential hypertension in humans has been shown to be
associated with an increase in CO, whereas in the established phase of hypertension
SVR is increased in most people.16-17 Hence, the majority of research with regards
to the causes of hypertension have focused on mechanisms that affect either the
diameter of small arteries and arterioles, or systemic blood flow driven by the heart
(primarily total circulating blood volume or cardiac function per se. However,
arterial pressure also can be simply expressed as the blood volume within the
arterial system divided by the compliance of the arterial system® Compliance

reflects the ability of a vessel to distend and increase volume with increasing



transmural pressure (i.e. the difference between intraluminal and extramural
pressure).13 This understanding of arterial pressure regulation does not focus on
the steady-state flow of blood through the arterial system (CO), but instead on
steady-state changes in arterial volume which can be brought about by transient
differences in arterial system inflow (determined by CO) and outflow (determined
by vascular resistance). These volume differences are well-understood to account
for the pulsatile nature of arterial pressure created by cyclic cardiac contraction and
relaxation, but are less often considered explicitly as a major determinant of the
chronic level of arterial pressure (which is key to the diagnosis of hypertension).
This is probably due to the fact that flow through the circulatory system can be
readily measured, whereas the volume of the arterial system is difficult to
determine accurately. Nevertheless, within this conceptual framework, possible
mechanisms of hypertension are either: 1) a decrease in arterial system compliance,
or 2) an increase in steady-state arterial system volume. Decreased compliance of the
aorta and large arteries is widely believed to account for the specifically elevated
systolic pressure (isolated systolic hypertension) that is often observed with aging,
and in patients with established essential hypertension. 1 Small artery compliance
is‘ often normal, however can even be increased in essential hypertension, or
decreased with age or in cases of severe hypertension.1 However, the focus of the
research described in this thesis is on how changes in vascular volume may affect

arterial pressure.



3. Blood volume distribution in the circulation

Blood is held within all parts of the cardiovascular system, with approximately 70%
of blood volume is contained in the venous system.13 “Active capacitance” veins are
filled or emptied by changes in tone of the smooth muscle within their wall.20
“Conduit” veins are mainly filled and emptied by passive forces associated with
gravity or external compression by surrounding tissue.!®> Therefore, either changes
in venous vascular tone (venoconstriction) or passive changes in venous diameter,

can cause dramatic shifts in blood volume within the circulation.

There are two compartments within the venous system: central and peripheral.
Importantly, veins within these two compartments are not uniform in their
compliance or capacitance.1321 Veins in the peripheral venous compartment are
very compliant and have a high capacitance.l* The splanchnic veins, located in the
abdominal region, represent the largest blood volume reservoir within the human
body13, and exhibit the greatest degree of active capacitance response of any veins
in the body.2® Veins in the central venous compartment are far less compliant.14
The thoracic vena cava and the great veins of the central venous compartment are
unable to store blood volume to any great extent.13 However, it is the central veins
that are critical for circulatory dynamics.2! Any stimulus that causes a decrease in
peripheral venous compartment capacitance (active or passive) will redistribute
blood from the peripheral to the central venous compartment. Because of the low
compliance of the central venous compartment, this augments the amount of blood

entering the heart (venous return). This increased volume of blood entering the



heart transiently exceeds the amount of blood leaving the heart (cardiac output),
resulting in enhanced cardiac filling pressure and volume.* This leads, via the
Frank-Starling mechanism, (increase in pre-load results in an increase in
contractility), to augmented blood ejection by the left ventricle, and a portion of the
excess blood that entered the heart being redistributed into the systemic circulation,

including the arteries.

Changes in venous vascular capacitance can also function as an important
physiological compensatory mechanism, adjusting the circulation in response to
everyday stresses. The hemodynamic response to exercise illustrates the dynamic
changes within the venous vasculature required to respond to the requirements of
the body for blood and oxygen delivery and waste removal. During exercise, as the
artery supplies blood and oxygen to the working muscle, veins undergo both active
and passive emptying, i.e. there is a decrease in venous vascular capacitance and a
shift of “stored” blood towards the central circulation, increasing venous return (VR,
flow of blood to the heart), CO and arterial pressure.?2 Similar adaptations can also
be seen under normal physiological conditions even without physical exertion. For
example, performing a challenging arithmetic problem can alter venous capacitance.
In one study, subjects performing difficult subtraction problems had an increase in
forearm venoconstriction, which caused blood to be displaced towards the heart,
increasing CO and arterial pressure.??  Thus, venous vascular capacitance is
important in the regulation of arterial blood pressure in a normal physiological state

as well as, in a pathological state, such as hypertension.



4. Blood Volume and Arterial Pressure Regulation

Despite many years of research, there is no unifying theory to account for the
pathogenesis of essential hypertension. What has been shown is that during the
early stage of arterial pressure elevation there is often an increase in central blood
volume and transient increases in stroke volume and C0.15-17 Eventually, as the
disease becomes more long- standing, these hemodynamic processes revert to
physiologically normal and hypertension is continually sustained by an elevation in

systemic vascular resistance.12.15

According to this scenario, during the onset of hypertension blood volume increases
in the central venous compartment, cardiac filling rises, and the Frank-Starling
mechanism leads to more blood volume being expelled into the low compliant
arterial beds. This results in an elevation in CO, arterial volume and arterial
pressure.2l It is important to note that under normal physiological condition, the
heart and lung have relatively low and fixed blood storage capacities. Thus, in this
discussion, the pulmonary circulation is not a factor and the heart is represented as
merely a “demand” pump, which moves blood from the low pressure, high

compliant venous system into the high pressure, low compliant arterial system.

In accordance with this model, two general mechanisms could produce an increase
in central blood volume and contribute to a rise in arterial pressure. The first
mechanism is an increase in the total volume of blood contained within the entire

circulation. When total circulating blood volume increases, blood volume and/or



blood pressure increases in all vascular compartments in relation to their

compliance. 20

Total blood volume is a relatively fixed fraction of the extracellular fluid volume and
is determined primarily by the balance between sodium (the main extracellular
osmotic particle) and water intake, and renal sodium and water excretion.242> The
major site of regulation of sodium and water homeostasis is the kidneys. Therefore,
renal function has a major influence on total circulating volume, and as a result,
arterial pressure.1224-25 [n fact, arterial blood pressure has often been used as a key

indicator of the volume of extracellular fluid within the circulation.26

Although that principle is well accepted, in the 1960’s Arthur Guyton and his
colleagues proposed an additional relationship between arterial pressure and renal
function that has been more controversial. Their proposition was that renal sodium
and water excretion are directly proportional to the prevailing level of arterial blood
pressure (the so-called “pressure-natriuresis relationship”).2’-29 The implication of
this dual cause-and-effect relationship between arterial pressure and renal function
are elaborated in great detail in numerous papers and their now famous
mathematical model of the circulation.22 TheGuyton mathematical model affirms
that the level of steady-state arterial pressure is determined entirely by the ability of
the kidney to excrete sodium and water. 2830  According to this hypothesis,
hypertension can only occur when the pressure natriuresis relationship is altered in

a way that leads to the kidneys retaining more sodium and water at a given



pressure, thereby producing at least a transient increase in total blood volume in the

circulation.26-31

An increase in total blood volume alone has been shown to elevate arterial pressure
and contribute to the development of hypertension.323¢  This is evident in some
obese borderline hypertensive patients, which have increased total blood volume
compared to age-matched lean borderline hypertensive patients. In addition, 90%
of the cases of hypertension in patients undergoing hemodialysis for end stage renal
disease are specifically due to sodium and volume overload.3¢ In support of these
findings, adequate reduction and control of total blood volume achieved

normotension in these previously hypertensive hemodialysis patients.3?

These examples represent specific instances where total blood volume parallels
arterial pressure. However, this is not always the case. The literature most often
reports total blood volume to be reduced in essential hypertension and inversely
associated with arterial pressure.15-16.20-21.38-41  This inverse relationship is further
supported by situations where higher than normal total blood volume occurs while
blood pressure is below normal, such as in hepatic cirrhosis4? and pure autonomic
failure.3 In conclusion, total blood volume can, but is not always consistent with

arterial pressure.

The focus of my research is on a second possible mechanism to produce increased

arterial blood volume and thereby arterial hypertension: a redistribution of the total
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blood volume within the circulation. With this mechanism, no increase in total
blood volume or impairment in renal function, is required; in fact it can operate in
the presence of a reduction of total blood volume (as is often observed in individuals
with hypertension).1538-40 [nstead of arterial blood volume being elevated due to an
overall increase in body fluid volumes, this mechanism consists of a translocation of
blood from the highly compliant, blood storing venous circulation into the low
compliant, high pressure, arterial system. In support of this idea, earlier research
demonstrated that during the early phase of hypertension development there was a
higher fraction of the total circulating intravascular volume in the central
circulation.’®6  This was found without any alterations in total blood volume.
Theoretically this redistribution of blood volume could be achieved by any
mechanism (for example, vigorous muscular exercise, as discussed above) that
decreases overall venous capacitance of the peripheral venous compartment, and
leads to the mobilization of blood volume into the central venous compartment and

then into the arterial system.

The two mechanisms described above that produce elevated arterial system volume
and pressure are not mutually exclusive, nor are they exhaustive. Another means to
increase arterial volume is via increased resistance in small arteries and arterioles,
which effectively “traps” an increased volume of blood in the upstream arterial
tree.12 This mechanism is most often observed in established forms of
hypertension.16-17  All three of these mechanisms operate together under normal

physiological circumstances, and all potentially contribute to the pathophysiology of

11



hypertension. However, the relative impact of volume redistribution on arterial

pressure regulation is often underestimated as a significant contributor.

An example of the significant influence of blood volume redistribution on arterial
pressure can be observed in supine hypertension in individuals with peripheral
autonomic failure.#3 While most of these patients have abnormally low arterial
blood pressure—due to a decrease in blood volume or an increase in peripheral
venous pooling (from gravitational force) when standing—dramatic hypertension
occurs in these patients when supine.#¢ The likely explanation for the occurrence of
hypertension while patients are in the supine position is a redistribution of blood
volume from the highly compliant splanchnic veins towards the central circulation
and ultimately into the arterial system (as described earlier). This explanation is
supported by the observation that the hypertension can be successfully treated with

venodilating drugs, but not arterial dilating drugs such as nitroglycerin.43.45

The situation in patients with autonomic nervous system failure complements
substantial other evidence indicating that, in addition to gravitational forces,
activation of the sympathetic nervous system (SNS) is a major mechanism for
redistribution of blood volume, especially by affecting splanchnic vascular

capacitance.1820-21,29

12



5. Sympathetic nervous system activity to the splanchnic vascular bed in

hypertension

Sympathetic nervous system activity is elevated in some humans with
hypertension,2946-48 and in several experimental hypertensive animal models#9-51
(for example, DOCA-salt and spontaneously hypertensive rats). The elegant work of
Esler and colleagues*® using norepinephrine spillover techniques revealed that
sympathetic activity was increased in specific vascular beds in human essential
hypertension: the majority of the increase was found in the heart and kidneys.
Moreover, this increase was most prominent in borderline or pre-hypertensive
subjects, which further suggests that over activity of the SNS is a key component in

the development of hypertension.4”

Splanchnic veins and venules located in the abdominal region, which directly supply
blood to the central venous compartment, are richly innervated by the SNS.21.52-53
Activation of the SNS increases the vascular tone of smooth muscle surrounding
these highly compliant, large blood-storing veins.5¢ As discussed above, this allows
for mobilization of blood toward the central venous compartment and heart
Consequently, sympathetic venoconstriction of the splanchnic veins can be an

important regulator of cardiac filling and arterial pressure.18.20-21,53-54

There is evidence of activation of the splanchnic SNS in hypertension. 18.20-2153-54 A
significant increase in splanchnic nerve activity, measured by direct nerve

recordings in conscious rats, was found in angiotensin Il-induced hypertension.55 A

13



_ sympathetically mediated increase in venous motor tone was also found during the
development of angiotensin II-salt hypertension in rats.556 Indirect evidence
found in human borderline hypertension showed vascular resistance to be elevated
in the hepatosplanchnic circulation, (a region where sympathetic activity is often
elevated), before occurrence in other vascular beds.>” These findings suggest the
importance of sympathetically mediated constriction of splanchnic capacitance

vessels during the developmental stages of hypertension.

Splanchnic arteries and veins are innervated by sympathetic nerves through the
paravertebral and prevertebral ganglia.’8 Postganglionic neurons innervating the
splanchnic vascular bed are located within the celiac and superior mesenteric
ganglia, which are fused and referenced as the celiac plexus.>® Therefore,
sympathetic input to the splanchnic vascular via the celiac plexus has the potential
to decrease splanchnic venous capacitance. In a paper from 1941, successful
treatment of human hypertension was achieved by surgically removing the celiac
ganglia (celiac ganglionectomy, or CGX).%0 In the DOCA-salt and ANG II
experimental animal models, CGX has shown to reduce arterial pressure.>¢ Studies
in humans with essential hypertension demonstrated that surgical section of the
splanchnic nerves also is effective in treating essential hypertension.6!
Additionally, celiac plexus neurolysis for the treatment of pancreatic malignancies in
humans often results in transient but severe hypotension.62 Finally, chronic
electrical stimulation of the splanchnic nerves in dogs produced sustained

hypertension.63-64 Together these findings indicate that splanchnic

14



sympathoactivation may be an important factor in the development of hypertension.
In my experiments, CGX will be used to examine the contribution of splanchnic
sympathetic nerves to blood volume redistribution and hypertension development

in rats.

6. The use of bioimpedance to estimate blood volume distribution

Changes in total circulating blood volume can be a key factor in diseases such as
congestive heart failureés, in medical conditions such as syncope®, and possibly in
hypertension (as discussed earlier). Accurate measurement of total circulating
blood volume nevertheless is difficult and remains a clinical challenge.6’-68 But,
most importantly, methods used to measure total circulating blood volume do not
take into the account the distribution of blood within the circulation. The central
hypothesis of my research is that both the total amount of blood within the
circulation, and its relative distribution in high and low compliance vascular
compartments (veins and arteries, respectively), can contribute to hypertension

development.

A significant obstacle to testing this hypothesis is that there is currently no method
available that allows direct quantification of arterial blood volume or venous blood
volume. Arterial and venous volume fractions have been estimated in individual
organs using complicated plethysmographic or imaging methods$%-79, however these

approaches are not applicable for use in the whole animal. Instead, investigators

15




have taken advantage of the fact that venous blood volume is much larger than
arterial volume in all tissues, and that some vascular regions (splanchnic organs)
have much larger blood storing capacities than others (muscle, skin, heart).14.20-
21495658 Thus, with a few exceptions (e.g. heart) a measured decrease in organ size,
weight, or total blood content is generally accepted to reflect primarily a decrease in
venous blood volume. And as discussed earlier, the high capacitance splanchnic
organs are understood to represent the bulk of the “peripheral” venous
compartment. Therefore, measurements of regional blood volume (especially in the
splanchnic organs) are used as a surrogate for direct measurement of venous

volume.

Blood volume distribution within multiple compartments of the circulation can be
determined in animals and humans using a variety of techniques67-68.71, but the best
approach currently available is blood pool scintigraphy.”? This method allows for
direct tracking of radiolabeled blood cells in various vascular regions. However, this
approach does not offer repeated or continuous measurement of changes in blood
volume over extended periods of time in the same animal. That is why for these
studies I chose to use bioimpedance, a well-established method to estimate changes
in vascular volume within specific compartments of the circulation.’3-74 Specifically,
this method offers the possibility to make continuous (or repeated) measurements

in conscious rats.
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Bioimpedance methodology is based on a simple model that regards the body
(human or animal) as a cylindrical conductor, composed of various electrical
compartments comprising simple resistors and capacitors.”> Bioimpedance is
measured by the conductive response of the body to an externally applied low
voltage electrical current and the resulting resistance or impedance to this
current.’3-7>  Bioimpedance is inversely proportional to the estimated amount of
total body water present.74#76-77 As impedance increases, the volume of estimated

total body water decreases and vice versa.

Segmental bioimpedance can be used to monitor fluid volume changes within
specific anatomic regions.’¢  Moreover, the measurement of bioimpedance is
routinely used as a surrogate for shifts in blood volume.’880 Total body water is
composed of both extracellular and intracellular fluid. Intracellular fluid is rarely
mobile within the circulation. Thus it is the extracellular fluid, composed mainly of
blood and interstitial fluid that can be readily mobilized within a body region. Blood
volume in most regions of the body is much larger than the interstitial fluid volume.
Therefore, changes in impedance can be used as a proxy for changes in blood
volume.’+7>  Thus, our hypothesis was addressed using the technique of
bioimpedance. For this research, the anatomical regions used for segmental
bioimpedance were: (1) the chest, representing the central venous compartment,
heart and lungs; and (2) the abdomen, representing the splanchnic region, which is

a component of the peripheral venous compartment.
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Although bioimpedance has been extensively validated in humans, the application of
bioelectrical impedance in experimental animal models has been sparse, especially
in conscious unrestrained animals. In order to utilize this technique, the technique
would need to be used in conscious and free-moving laboratory rats to make
repeated, within-animal estimates of blood volume redistribution between the

peripheral (splanchnic) and central venous compartments.

7. Animal Model: Deoxycorticosterone acetate-salt Hypertension

Over the past 50 years, numerous experimental models of hypertension have been
developed, predominantly in rats.5 Because the etiology of essential hypertension
is heterogeneous, it is nearly impossible for any one experimental rat model to
encompass all facets of this disease. For this study, I chose to use the
deoxycorticosterone acetate (DOCA)-salt hypertensive rat model, which has been
shown to be an effective model to study volume-dependent hypertension. This
hypertensive model involves the chronic treatment of rats with the
mineralocorticoid, DOCA, in combination with a high salt (1% NaCl) intake via the
drinking solution, and unilateral nephrectomy. The model is considered a
prototypical example of salt-sensitive hypertension.8! The concept of salt-
sensitivity refers to the finding that some individuals exhibit an exaggerated
increase in blood pressure when consuming high dietary salt, whereas others show
little change in blood pressure.82 The former individuals are referred to as ‘salt-

sensitive’. Thus, the concept of salt sensitivity provides an explanation for the
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generally reproducible connection between high salt intake and elevated blood
pressure in large populations of people in which many individuals have normal

blood pressure despite daily consumption of large amount of salt.

DOCA is a potent mineralocorticoid that is known to cause significant sodium and
water retention®? by reducing the ability of the kidneys to excrete sodium.8¢ The
effectiveness of DOCA in elevating blood pressure is directly proportional to the salt
intake of the animal.8¢ Sodium is the major cation in the extracellular fluid and its
excretion is regulated almost exclusively by the kidney.2” The level of total body
sodium, which is increased in the DOCA-salt model, contributes significantly to the
osmolality and volume of the extracellular fluid. Thus, the regulation of total body
sodium has become synonymous for volume regulation.2’” Therefore, DOCA-salt has

commonly been classified as a volume-dependent model of hypertension.85

It is widely accepted that DOCA-salt treatment causes an increase in total body
water with proportional increases in circulating fluid volume.8¢ Furthermore,
recent work in dogs with renal hypertension8 shows that total body water is a
major determinant of arterial pressure. Thus, it is axiomatic that DOCA-salt
treatment produces an elevation in arterial blood pressure by increasing total fluid

volume within the circulation.

Nevertheless, recent data has revealed that total body water is not always directly

associated with arterial pressure. For example, Titze et al8187-88 have shown that
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sodium retention can take place free of water accumulation, including in DOCA-salt
hypertension in rats. High sodium intake in DOCA-salt treated rats resulted in an
increase in total body sodium content by 50% within 5 weeks; however only ~ 20%
of the sodium accumulated led to volume retention.8? As a result, only moderate
increases in total body water was achieved despite massive sodium retention. The
excess sodium was shown to be stored in osmotically inactive and/or osmotically
neutral sodium storage sites, which did not play a part in volume expansion, yet the
animals were hypertensive.87-88 These results argue against the traditional volume-
dependent view held of the DOCA-salt model of hypertension, and provide clear
evidence that an overall increase in total body sodium does not always increase

arterial pressure through blood volume expansion.

It has also been shown that DOCA-salt increases venomotor tone by activation of
the SNS.495485  As described earlier, the SNS is an active regulator of splanchnic
venous capacitance and thereby contributes to the redistribution of blood volume
from the peripheral to the central venous compartment. A study comparing DOCA-
salt rats to sham-operated rats revealed no difference in total circulating fluid
volume between the two groups yet the DOCA-salt rats were hypertensive.8> It can
be speculated from this study that DOCA-salt treated rats had an increase in central
blood volume due to a decrease in peripheral venous capacitance, although this was
not measured directly. In a study in sheep, however, mineralocorticoid-salt

treatment caused an immediate and sustained increase in central venous pressure
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and stroke volume without any change in total body fluids, strongly suggestive of

peripheral to central blood volume redistribution. 8°

In a well-devised study, the experimental question should dictate the experimental
model>® The DOCA-salt experimental rat model offers this opportunity to address
the experimental question of vascular volume, and its regional redistribution affect

on arterial pressure regulation.

8. Summary and Overall Importance of Current Research

The overall hypothesis of this work is that volume redistribution within the
circulatory system (from peripheral towards central venous compartment and into
arteries) affects arterial pressure during the onset of hypertension. In order to
address this aim, the DOCA-salt experimental rat model and the technique of
segmental bioimpedance was used. The DOCA-salt model has long been cited as a
volume-dependent model of hypertension. (i.e. increased blood pressure is caused
by increased body fluid volume.) Overall volume expansion within the circulatory
system, presumably caused by alterations in the pressure-natriuresis mechanism, is
well documented as contributing to the regulation of arterial pressure.2427.29
However, studies have also shown that the initial elevation of arterial pressure in
early stage essential hypertension may occur by another mechanism—a
redistribution of fluid volume—which is independent of overall circulatory volume

expansion.16:20-2149  Thijs translocation of blood volume from the peripheral to
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central venous compartment is likely brought about by a decrease in peripheral
venous capacitance due to activation of the SNS, specifically within the

splanchnic veins. 13-14.18,20-21,49

Segmental bioimpedance was used to estimate changes in blood volume between
the peripheral and central venous compartments in conscious unrestrained rats
treated with DOCA and salt. Unlike other methods to determine blood volume
distribution, the bioimpedance method allows for repeated (or continuous)
measurement of regional blood volume within the same animal over an extended
time. Tracking fluid movement during the transition from normal blood pressure to
hypertension and back to normal pressure could provide significant insight into the
role of blood redistribution (and the mechanism driving this movement, presumably
increased sympathetic tone to the splanchnic veins) in the development of
hypertension. Furthermore, I purpose that this was due to an increase in

sympathetic tone to the splanchnic veins.

My research is important as it provides additional insight into one possible
mechanism, blood volume redistribution, which has been cited in contributing to the
development of hypertension, but no direct evidence has been shown to support it.
It is well established that hypertension is the leading cause of cardiovascular death
and disability worldwide. This is forecasted to continue!-2 (by 2025, 1.5 billion
people are predicted to be hypertensive.)2 Thus, there is much to be gained by a

further understanding of the mechanisms that occur during the early development
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of hypertension. This is crucial in delaying or preventing the stable form of this
continuous disease, as well as, reducing end organ damage and the significant

economic burden that accompanies this lifetime condition.
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Central Hypothesis
A factor in the development of DOCA-salt hypertension is reduced splanchnic
vascular capacitance leading to blood volume redistribution from the high-

compliance splanchnic vasculature (abdomen) toward the central circulation (heart

and lungs), and ultimately into the less compliant arteries.

V. MAP

A,
AN
_SVR

-~

~———

Figure 1: The circulatory system is a semi-closed loop. The volume and pressure
contained within the arterial system, as well as, the systemic vascular resistance
(SVR) are all components in determining the mean arterial pressure (MAP).

Specific Ai
I.  Specific Aim 1: To establish a bioimpedance method in a conscious reely

moving laboratory rodent to estimate circulatory fluid volume shifts.

II.  Specific Aim 2: Use chronic bioimpedance measurements to determine the

changes in blood volume during the onset of DOCA-salt hypertension.

I[ll.  Specific Aim 3: Determine if activation of the sympathetic nervous system
contributes to redistribution of blood volume during the development of

DOCA-salt hypertension.
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General Methods

1. Animals
Male Sprague-Dawley rats (Charles River Laboratories, Portage MI) weighing 300-

325 grams and normotensive at the beginning of the study were used in all
experiments. The Michigan State University Committee on Animal Use and Care
approved all protocols. The rats were housed in groups of 3 in Plexiglas® cages in a
temperature and humidity controlled room with a 12-hour light/dark cycle and
allowed to acclimatize for a week prior to any surgical procedures. Rats were given
standard pelleted rat chow (8640 rodent diet; Harlan/Teklad, WI) and water ad

libitum.

2. General Anesthesia

All surgical procedures were performed using an inhalation anesthetic agent
(isoflurane) delivered through a nose cone. The induction chamber contained a 4%
isoflurane in oxygen mixture. The animals were maintained during the surgery by
2% isoflurane in oxygen mixture. Rats were recovered from anesthesia under close

observation on a heating pad.

3. Analgesia and Antimicrobial Prophylaxis

Post-operative analgesia and antimicrobial prophylaxis were established by
administration of enroflaxcin (5 mg/kg IP), ticarcillin-clavulanate (200 mg/kg IP)
and carprofen (5 mg/kg SQ) respectively. Post-surgery analgesia was continued for

an additional 5 days with carprofen (5mg/kg SQ).
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4. DOCA-salt Hypertension Protocol

All rats underwent a unilateral nephrectomy of the left kidney to reduce renal mass
before the start of the experiment. Under general anesthesia, a left lateral
abdominal incision was used to access the left kidney. The left kidney was
exteriorized, left renal vessels and ureter were tied off, and left kidney was
removed. The incision was sutured closed in layers. Following 7 days of surgical
recovery and a 5-day control period, all rats were randomly divided into their
respective groups. Rats that were to receive a DOCA pellet were allowed free access
to saline (distilled water containing 1% NaCl and 0.2% KCI) for 3 days. Sham-
operated rats (SHAM) were allowed free access to distilled water throughout the
study. After 3 days, a DOCA pellet (150 mg/kg) impregnated with silicone rubber
was implanted subcutaneously on the dorsal side of the DOCA-treated group of rats
while the SHAM group underwent a similar subcutaneous surgery but did not
receive an implant. After 5 days, the DOCA-treated group were taken off saline
drinking solution and given free access to distilled water for the remainder of the

experiment.

5. Bioimpedance Electrode Implantation

The bioimpedance technique was achieved by permanently impianting 6 stainless
steel electrodes (Plastics One, VA) subcutaneously. While rats were under general
anesthesia, electrodes were implanted subcutaneously through a 1 cm incision
made in the skin above the specific anatomical location as described below. The
electrodes were tied into the underlying muscle with suture and the incision was

sutured closed. All the electrodes were exteriorized between the scapulae and
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were connected to a swivel arm that allowed the rat free-movement throughout the
cage. All electrodes were in place before the start of the experiment. The rats were

given 7 days to recover from electrode implantation.

6. Bioimpedance Measurements

Bioimpedance was used to detect internal volume shifts chronically in conscious,
free moving rats. The electrodes were connected to a two-channel tetrapolar high
frequency impedance meter (Thrim®) that introduced a high frequency, low
amperage, constant current, which was insensible to the rat. Current was injected
into 2 electrodes positioned dorsally at the base of the head and tail. These
electrodes represent the driving electrodes through which current (excitation:1mA
and frequency:51.2kHZ)) is injected into the rat. In addition, 4 electrodes implanted
at precise pair-wise distances across the thorax (midline xiphoid process), and
abdomen (iliac crest) represents the detecting electrodes, which measure the

voltage drop across these anatomical segments of interest: thorax and abdomen.

Impedance or resistance to this high frequency current is inversely proportional to
the amount of fluid volume in the tissues between the recording electrodes. As
compartmental fluid volume decreases, measured impedance increases. Each rat
was measured for abdominal and chest impedance daily for a duration of 20
minutes at the same time every morning while housed undisturbed in their home
cage. An average for the recorded 20 minutes, for both abdominal and chest
impedance, were derived by a commercially available data acquisition program

(Powerlab, ADinstruments) per rat. Each daily impedance average was converted to
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estimated compartmental fluid volume value by the following mathematical
conversion: 10 + 1/bioimpedance recording, which was used to avoid very small
values. The inverse of bioimpedance is sometimes referred to in the literature as
“admittance”. Bioimpedance and impedance are used interchangeable throughout

this thesis.

7. Radiotelemetry Transmitter Implantation:

Radiotelemeter transmitters for measuring arterial pressure were implanted in all
rats before the start of the experiment. Under general anesthesia, the tip of the
transmitter catheter was inserted into the abdominal aorta by way of the femoral
artery. The body of the transmitter was placed in a subcutaneous pocket along the
abdomen but below the abdominal impedance electrodes, so as not to interfere with
bioimpedance measurements. The incision was closed in layers. All animals were

given 7 days to recover.

8. Arterial Pressure Measurements

Rats were housed in individual Plexiglas® cages and placed on radiotelemetry
receivers (RPC-1, DSI). The arterial blood pressure was recorded for 10 seconds
every 10 minutes throughout the experiment. @A commercially available
radiotelemetry data acquisition program (Dataquest, DSI) was used to remotely
monitor the arterial pressure. The radiotelemetry system did not interfere with

bioimpedance recordings during the study.
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9. Celiac Ganglionectomy

Under general anesthesia, a ventral midline abdominal incision was performed and
the small intestines were gently retracted and placed on warm ticarcillin-
clavulanate (200mg/kg) and enroflaxcin (5mg/kg) soaked gauze. The celiac plexus
located between the aorta, celiac artery and mesenteric artery was dissected free
and removed. The small intestines were placed back into the abdominal cavity and
lavaged with warm saline. The midline abdominal incision was sutured closed in
layers. The SHAM group underwent a sham operation that was performed by

accessing and exposing the celiac plexus only.

10. Confirmation of Regional Denervation

At the completion of the protocol the rats were sacrificed by an intraperitoneal
injection of sodium pentobarbital (100mg/kg). The liver, spleen, small intestines
and right kidney, which represent organs that are innervated by the celiac ganglia in
the splanchnic region, were harvested from each rat. The tissues were weighed and
immediately frozen in liquid nitrogen. All tissues were stored at -80°C for later
analysis. High performance liquid chromatography (HPLC) analysis was used to
measure norepinephrine (NE) content in each tissue, as an index of the density of
sympathetic ihnervation of the tissues. Data was reported as nanogram of NE per
gram of tissue. The Michigan State University Department of Pharmacology and

Toxicology HPLC core facility performed these assays.
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11. Plasma Volume Measurements

All rats were chronically instrumented with silicone-tipped catheters into the
femoral artery and vein for Evans blue administration and blood sampling. The two
catheters were exteriorized between the scapulae of the rat into a stainless steel
spring that was attached to the rat at one end by a loosely fitted rubber jacket
(Instech Solomon), and the other end to a swivel arm at the top of the cage. This
allowed for free movement and access to the catheters without handling or
disturbing the rat. The rats were housed in individual Plexiglas® cages and
recovered for 5 days. All catheters were flushed daily with a heparin-saline
solution. Plasma volume was estimated with the use of 10-minute distribution
volume of Evans blue dye. Arterial blood (0.6ml) was collected at baseline (before
Evans blue dye injection) and 10 minute after intravenous Evans blue dye (1mg/ml
in saline) injection. The Evans blue dye will remain in the vascular space during this
timeframe. All blood samples were collected in heparinized EDTA tubes and
centrifuged. The plasma was collected. Evans blue dye concentration was
determined by spectrophotometry and absorbance was read at 650nm. The dye
concentrations in the collected samples were measured by using a standard curve of

Evans blue dye solution in the plasma of the baseline sample.

12 Animal Euthanasia

At the conclusion of each study, an intraperitoneal injection of sodium pentobarbital
(100 mg/kg, i.p.) was administered. This adheres to the Michigan State University

Animal Care and Use Committee guidelines for euthanasia.
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13 Statistical Methods

Mean arterial pressure and impedance data were statistically analyzed by one-way
repeated measures ANOVA. When applicable, post-hoc multiple comparisons using
Dunnett’s procedure (GraphPad, Instat) was used to compare all days to control
period day 2. A p-value <0.05 was considered significant. All results are reported as

mean + SE.
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Specific Exoerimental Protocols and Result

I. Specific Aim 1: To establish a bioimpedance method in a conscious
unrestrained laboratory rat to estimate circulatory fluid volume shifts

during the onset of hypertension.

Background:

Bioimpedance is a novel technique used to determine estimated fluid volume
changes within specific regional vascular compartments.’3-7476 In this study, I used
bioimpedance to measure changes in fluid volume within the abdominal region,
representing the highly compliant splanchnic vascular compartment, and the
thoracic region, representing the lesser compliant central vascular compartment.
These measured changes in fluid volume were used as a proxy for blood volume
shifts into and out of these vascular regions. 7480 Although other methods of blood
volume distribution are available, bioimpedance was used because it allows for

repeated measures in individual animals.

It is well documented that gravity, as illustrated by cardiovascular responses
produced by postural changes (i.e. tilting), is a potent regulator of blood volume
distribution within the vascular system.13.1590-92  During passive postural tilts, the
head is moved above (head up tilt; HUT) or below (head down tilt; HDT) the level of
the heart. During initial changes in posture, blood volume is shifted between the
peripheral and central (heart and lung) vascular compartments by gravitational
forces; later, compensatory mechanisms (e.g. baroreceptor reflex and neurohumoral

factors) also contribute to maintaining homeostasis of the cardiovascular
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system.9293 Therefore, postural tilting is one reliable way to induce blood volume
shifts between specific vascular compartments. I used this approach in order to

validate the bioimpedance technique in rats.

During passive head-up tilt (HUT) gravity pulls blood out of the chest towards the
compliant veins of the abdomen and lower extremities. As a result, central blood
volume is reduced. This leads to a decrease in venous return and cardiac output,
resulting in a transient lowering of mean arterial pressure.139293 The unloading of
arterial baroreceptors causes sympathetic vasoconstriction of veins and arteries in
the peripheral compartment. The result is reduced peripheral compartment
capacitance and redistribution of blood back towards the central venous

compartment, heart and arteries to maintain arterial volume and pressure.

During HUT in rats | anticipated an initial increase in impedance in the chest
(decrease in fluid volume) as blood moves out due to gravitational change.
Impedance in the abdomen should decrease (increase in fluid volume), as blood
gathers in the veins of the large capacity splanchnic region and lower limbs. These
impedance changes should eventually stabilize due to activation of compensatory

mechanisms to maintain cardiovascular homeostasis.

During head-down tilt (HDT), gravity works to move blood from the abdomen and
other peripheral vasculature into the central venous compartment. This increases
central venous compartment volume, venous return and cardiac output resulting in

a transient increase in arterial pressure.169293 The cardiovascular control system
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compensates by reducing sympathetic vasoconstriction (reduced renin-angiotensin
system activity and other mechanisms that help to maintain homeostasis). During
HDT in rats, I anticipated an initial decrease in impedance in the chest (increase in
fluid volume) as blood gathers in the central compartment. Impedance in the
abdomen should increase (decrease in fluid volume) as blood shifts towards the
central venous compartment due to gravity. Although these are expected findings, a
number of studies done in humans reported that stroke volume, cardiac output and
thoracic admittance show minimal or no change in response to HDT.78.92-93
Presumably this is because the central venous compartment 1) has relatively low
compliance, 2) is maintained near maximal volume even in upright humans, and 3)

is rapidly emptied of excess volume by cardiac pumping.

Hypothesis:

The bioimpedance method will detect appropriate directional changes in central

and peripheral venous compartment blood volume during HUT and HDT in rats.

Protocol:

Electrodes for segmental bioimpedance measurements were implanted in a rat as
described under General Methods. @ While under general anesthesia, the
instrumented animal was strapped supine to a tilt table board. It was maintained in
a supine position during a 10-minute control period, to establish steady state
bioimpedance values. This was followed by ~90° HUT for 5 minutes. The animal

was returned to the supine position to re-establish initial steady values, which
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followed a ~90° HDT for 5 minutes. Only bioimpedance was recorded during this

protocol.

Results:
The results for HUT are presented in figure 3. During HUT, estimated fluid volume

decreased in the thoracic compartment while it simultaneously increased in the
abdominal compartment. When the rat was returned to the supine position,
estimate fluid volumes returned to their control values within about 2 minutes. The
outcome for HDT is shown in figure 4. During HDT, estimated fluid volume
increased in the thoracic compaftment while it simultaneously decreased in the
abdominal compartment. When the rat was returned to the supine position,
estimate fluid volumes had not yet returned to their control values within 2-3
minutes. It is not possible to determine from these measurements the absolute
volumes of fluid moving in and out of the compartments during tilting. However, to
provide additional information on the sensitivity of the bioimpedance technique,
Figure 5 shows higher gain recordings of abdominal and thloracic impedance in the
animal in the supine position. Note that a steady, rhythmic impedance recording
was obtained that which is consistent with the phases of the animal’s inspiration

and expiration.

Conclusion:

The bioimpedance measurements for HUT and HDT in this study was consistent
with the volume shifts expected during postural tilt, as previously described. From

the literature, stroke volume is shown to differ by ~8% during inspiration and
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expiration® and the normal central blood volume in a 330g rat is ~4.0 ml.>> Using
this difference as an index of alterations in central blood volume during
respiration—and the data in Figure 5—allows me to conclude that the
bioimpedance method is able to detect within-animal changes in compartmental
volume of less than 0.3 ml. Since the volume of blood that can be transferred in and
out of the splanchnic and abdominal compartments is on the order of 2-3 ml in the
rat (i.e. 10-15% of total blood volume), the bioimpedance method has adequate
sensitivity for the proposed studies. From these findings, I conclude that I have
established a bioimpedance technique that can be used in a conscious animal for
repeated (or continuous) measurements of physiologically relevant changes in

compartmental fluid volume.
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II.  Specific Aim 2: To use bioimpedance to estimate blood volume changes
in the abdomen (peripheral venous compartment) and the chest
(central venous compartment) during the onset of DOCA-salt

hypertension in conscious rats.

Background:

The natural progression of essential hypertension has been shown to be associated
with an increase in central blood volume.1216-17 This excess of blood in the central
compartment could increase cardiac filling pressure; and by the Frank-Starling
mechanism cause more blood to be ejected into the low compliance arterial system.
This would result is modest arterial distension and an increase in arterial pressure.
Two mechanisms, as described earlier, can increase blood in the central venous
compartment resulting in an elevation in blood pressure during hypertension
development.1420  One mechanism is by increasing total blood volume contained in
the circulatory system. This could be achieved by an alteration in the pressure-
natriuresis mechanism, thereby causing the kidneys to conserve salt and water,
resulting in an increase in total and central blood volume.z2425  This is the
prototypical explanation for DOCA-salt hypertension, i.e. an increase in total body

fluid producing increased arterial pressure.86

The other possible mechanism is by a decrease in peripheral venous capacitance,
thereby mobilizing stored blood towards the central compartment (heart and lungs)
and into the arteries. This transfer of additional blood from peripheral to central
venous compartment would result in an elevation in arterial pressure without a

change in total blood volume.141618.  Vasoconstriction of splanchnic arteries and
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veins can greatly contribute to this redistribution of blood volume.2%21  Recent
studies using the DOCA-salt model, as previously described, suggest that the onset of
hypertension may also occur via this mechanism.1® However, to date there is no
direct evidence for blood volume redistribution during the development of DOCA-

salt hypertension.

Therefore, bioimpedance was used in the DOCA-salt rat model to further explore
changes in blood volume within the peripheral and central venous compartment
during hypertension development. Measurements were obtained daily in conscious
rats. The chance to determine estimated compartmental blood volume during the
transition from normal arterial pressure to hypertension and back to normal
pressure is important to test my central hypothesis, i.e. a decrease in peripheral
venous capacitance and a redistribution of blood volume, which is particularly
important in the development of DOCA-salt hypertension.

Hypothesis:

During the onset of DOCA-salt hypertension, peripheral venous capacitance is
reduced and blood volume is redistributed from the abdomen (peripheral venous
compartment) to the chest (central venous compartment) and ultimately into the

arterial circulation, thereby increasing arterial pressure.

Protocol:

Impedance electrodes were implanted in two groups of rats, DOCA-treated and
SHAM. All rats underwent uninephrectomy and had a radiotelemeter inserted for

blood pressure measurement, as described in the Methods section. Bioimpedance
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was individually recorded in each rat daily for 20 minutes during the study as
described in the methods. Blood pressure was recorded continuously throughout

the study. The protocol for this study is outlined below in figure 2.

" .lTjninephtectomy ﬁg‘iﬁlzz:'
+Telemeter :
. ) (150 mg/kg, sc) DOCA group
«Electrode implantation | DOCAgrowp switched to
switched to saline distilled H,0
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: l
Acclimatization | Recovery . Control Saline | DOCA salt

.
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-7 0 5 10 13 18 21
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Figure 2: The protocol for the development of DOCA-salt hypertension in SHAM and
DOCA-salt treated rats.

Results:
A total of 15 rats were studied in two groups (SHAM and DOCA). The mean arterial

pressure response for both groups is shown in figure 6A. SHAM rats exhibited a
stable blood pressure throughout the protocol. High salt intake due to saline
drinking caused a small, but non-significant increase in MAP (~7 mmHg). The
combination of DOCA and salt caused a rise in MAP that was statistically significant
by days 4-5 of DOCA treatment. MAP reverted back to control values within 3 days

after the rats were switched back to distilled water to drink.
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Figure 6B represents the estimated fluid volume in the thorax for both groups.
Neither the DOCA nor SHAM rats showed a detectable change in thoracic fluid

volume throughout the course of this study.

The estimated fluid volume in the abdomen for SHAM and DOCA is presented in
figure 6C. SHAM rats showed no change in fluid volume in the abdomen during the
course of the study. High salt intake alone due to saline drinking caused no
detectable change in abdominal fluid volume. However, a statistically significant
decrease in abdominal fluid volume was detected as early as one day after beginning
combined treatment with DOCA-salt; this reached statistical significance on days 4-5
of combined treatment. Abdominal fluid volume returned to near initial control
period values when the DOCA-salt treated rats were switched to distilled water to

drink.

Conclusions:

Blood volume redistribution occurred early during the development of DOCA-salt
hypertension. This was shown by a decrease in estimated abdominal fluid volume,
suggesting a decrease in peripheral venous capacitance. When DOCA-treated rats
were switched back to distilled water, representing a recovery to a normal salt diet,
both mean arterial pressure and abdominal estimated fluid volume reverted back to
initial control values. These findings support the hypothesis that peripheral venous

capacitance decreases during the onset of hypertension.
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Interestingly, during the onset of hypertension there was no detectable change in
estimated fluid volume in the chest (central venous compartment). This finding did
not conform to the expected pattern of a shift in peripheral venous blood to the
central venous compartment. Nevertheless, the results were not a total surprise,
considering the previously described human data on head down tilt, where no
change in thoracic fluid volume was seen.%2 One hypothesis for this finding is that
the bioimpedance technique is not sensitive enough to detect small changes in fluid
content within the chest region. However, in light of the data from Specific Aim 1,
this possibility seems unlikely considering the high sensitivity of the bioimpedance
technique to detect volume changes with regards to breathing as observed in figure

5.

Another alternative hypothesis is that the lack of measureable blood volume change
in the chest is due to the heart. This sensitive “demand pump” rapidly transfers
most of the blood volume redistributed from the abdominal region into the arteries
and other parts of the circulation, possibly making impedance measurements
undetectable.

In summation, the overall results are consistent with the idea of blood volume
redistribution, out of the abdominal region into the central circulation, as a
contributing cause in hypertension development, but do not prove a cause-and-

effect relationship.
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[ll. Specific Aim 3: Determine if activation of the sympathetic nervous
system contributes to the redistribution of blood volume during the
development of DOCA-salt hypertension.

Background:

Splanchnic veins and venules are innervated by the SNS.5253  Sympathetic
venoconstriction of these vessels reduces venous blood volume and overall vascular
capacitance.1420-21  This could result in a redistribution of stored blood into the
central circulation and ultimately increase arterial pressure. In addition, in DOCA-
salt hypertension there is an increase in splanchnic venomotor tone mediated by
increased sympathetic activity.21.5¢ All the above indicates that increased SNA to the
splanchnic circulation could be one mechanism involoved in DOCA-salt mediated
hypertension. The majority of sympathetic innervation to the splanchnic
vasculature in the rat is through the celiac plexus.52 Surgical removal of this plexus
(celiac ganglionectomy, CGX) was used to investigate the contribution of
sympathetic nerve activation to the redistribution of blood volume during the

development of DOCA-salt hypertension in the rat.

Hypothesis:

Selectively removing sympathetic nerve activity to the splanchnic circulation by CGX
will attenuate blood volume redistribution and the development of DOCA-salt

hypertension.
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Protocol:
Surgical CGX or SHAM-operation (SGX) were performed during the same surgery as

the impedance electrodes, radiotelemeter and uninephrectomy. Animals were given
7 days to recover before the start of the experiment. The protocol and
measurements made in this study were otherwise the same as rats in the DOCA
group in Specific Aim 2 shown in figure 2. At the conclusion of the study, the
splanchnic organs represented by the liver, spleen, small intestines and right kidney
were harvested and measured for norepinephrine content by HPLC to confirm

effective splanchnic denervation.

Results:

A total of 14 rats were studied in two groups. Tissue norepinephrine content of the
splanchnic organs, verifying successful celiac ganglionectomy, is shown in figure 7.
Celiac ganglionectomy nearly abolished tissue norepinephrine content in the spleen,
small intestine and liver. The effect of CGX on MAP responses to DOCA-salt is
presented in figure 8A. First, rats with CGX had reduced MAP compared to sham
rats throughout the protocol. Second, both CGX and SGX rats exhibited modest and
similar increases in MAP (~5 mmHg) when on high salt intake due to drinking
saline. However, when both groups were given DOCA and salt, MAP increase was
statiscially significant in SGX on day 2 through 5, but only minimally in CGX, rats.
Switching back to distilled water to drink reduced MAP back towards control period
values in SGX rats, and minimally reduced MAP in CGX rats. Data on estimated
thoracic fluid volume are shown in figure 8B. There was no observed change in

thoracic fluid volume for either group throughout the protocol. Data on estimated
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abdominal fluid volume are presented in figure 8C. There was no change observed
in estimated abdominal fluid volume for either group throughout the study. This is

consistent with my hypothesis for CGX rats but a surprise for the SGX rats.

Because of the very unexpected lack of change in the abdominal fluid volume data in
rats that underwent abdominal surgery (CGX and SGX), I compared their data to
those from rats that did not have abdominal surgery (Figure 9). Based on our
bioimpedance measurements, abdominal fluid volume in rats that underwent
abdominal surgery for celiac ganglionectomy or sham operation appeared to be
lower than in rats that did not have abdominal surgery. This was an unexpected
finding. Thoracic fluid volume in rats that underwent abdominal surgery was higher
than in rats that did not have abdominal surgery. This was also an unexpected

finding.

Conclusion:
From this study, I conclude that CGX selectively disrupts sympathetic innervation to

the splanchnic organs and impairs development of DOCA-salt hypertension. In
studies described under Specific Aim 2, a decrease in estimated abdominal blood
volume occurred with the development of DOCA-salt hypertension. In this study,
DOCA-salt treated rats with CGX had no detectable change in estimated abdominal
fluid volume. This was expected according to my hypothesis, because removing
sympathetic innervation by CGX should prevent constriction of the splanchnic veins
and the resulting redistribution of blood volume towards the heart and arteries.

However, the sham surgery rats that were treated with DOCA-salt also showed no
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change in abdominal fluid volume. This was a surprise. What was expected was a
decrease in abdominal fluid volume corresponding with the observed increase in
arterial pressure, as I reported in studies under Specific Aim 2. From these findings
it appears that abdominal surgery, at least in the SXG rats, is in some way, altering
blood volume regulation. The surgery, (abdominal incision along with blunt
dissection of the celiac plexus) to disrupt splanchnic inveration is relatively minor,
however, the process of locating the celiac plexus is fairly invasive, as all abdominal
organs (stomach, intestines, spleen) need to be carefully retracted and excised. Itis
possible that tissue damage can occur even with the up most caution. Thus, the
addition of pro-inflammatory and anti-inflammatory mediators and the governing
inflammation process due to abdominal surgery and manipulation of the
gastrointestinal organs could possibly explain the unanticipated results in the sham
surgical animals. In a previous study, simple laparotomy (abdominal incision) and
gentle handling of the stomach, intestines and spleen resulted in microvascular
changes within these tissues.?¢-98 These changes included an increase in vascular
permeability, plasma extravasation, as blood moved from the capillaries to the
surrounding injured tissues. %698 The abdominal organs being handled during
surgery are representative of the splanchnic organs (small intestine, spleen, and
liver) and are reported to be most sensitive to surgical stress.?® In fact, surgical
stress has shown to increase vascular resistance within the vasculature of these
splanchnic organs, but not uniformily8, which could possibly explain the initial
differences seen in the control period blood volume observed in the abdomen and

thorax of surgery rats compared to non surgery rats in figure 9. A decrease in

45



arterial to venous blood transfer due to an increase in vascular resistance could
result in a redistribution of splanchnic venous blood towards the heart to maintain
the cardiac volume and filling pressure, but not enough to cause hypertension.
From these findings and my results, I conclude abdominal surgery and the handling
of the gastrointestinal organs alters the regulation of splanchnic vascular

capacitance and blood volume.

To further investigate the surgical phenomena, plasma volume was measured in one
DOCA-salt treated, SHAM-CGX rat, i.e. a rat subjected to abdominal surgery. The
results are shown in figure 10. The development of hypertension in this rat (that
underwent only abdominal surgery) was associated with an increase in total blood
volume. Rats without abdominal surgery do not generally have an increase in
plasma volume during DOCA-salt hypertension development, which is supported by
the abdominal redistribution results in Specific Aim 2. This preliminary finding
contributes to the idea that abdominal surgery significantly affects blood volume
regulation. More experiments in DOCA-salt treated rats are needed to confirm and

explain this abdominal surgery phenomenon.

In addition, plasma volume was measured in both surgery and non- surgery animals
during the control period before the initiation of the DOCA-salt protocol. This data
is shown in figure 11. In these preliminary results, abdominal surgery animals had a
10% lower plasma volume during the control period than non-abdominal surgery

animals. This confirms with previous studies that plasma volume is decreased in
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rats that undergo laparotomy and gastrointestinal organ manipulation®-°79% The
loss of extracellular fluid is largely due to an internal redistribution i.e. plasma
extravasation?® (movement of plasma from the capillaries towards the surgical site)
rather than loss from the surgical site , which is minimal. These findings further
support my conclusion that abdominal surgery alone affects the control of blood

volume.

When considering all of these preliminary plasma volume results, the data suggest
that in animals that undergo abdominal surgery an increased total circulating blood
volume contributes to the development of DOCA-salt hypertension. In DOCA-
treated animals that do not undergo abdominal surgery, the early development of
DOCA-salt hypertension appears to be due by a redistribution of blood volume.
Overall, it is clear that decreased splanchnic blood volume per se is not necessary for

development of DOCA-salt hypertension.

Overall Di . 1 Conclusi

The onset of hypertension has often been characterized by an increase in central
blood volume. This can be achieved by either an increase in total blood volume or
by a redistribution of blood volume into the central compartment (heart and lungs).
The purpose of this study was to investigate, in the DOCA-salt model, if a
redistribution of blood volume caused by a decrease in peripheral venous

capacitance contributes to this finding. The results of this study did confirm a
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statistically significant reduction in the abdominal blood volume during the
development of arterial pressure elevation. This supports my hypothesis that a
redistribution of blood volume is important in the development of hypertension.
However, when exploring the possible mechanisms contributing to this
redistribution of peripheral venous volume, presumably by sympathetically
mediated vasoconstriction of splanchnic veins, there were unexpected findings. For
example, animals that had undergone CGX, a procedure that requires an incision in
the abdomen (laparotomy) and handling of the abdominal organs to locate and
denervate the splanchnic vasculature, showed expected results of attenuating
increases in arterial pressure and no change in abdominal blood volume. At the
same time, the control group (SGX/DOCA), which also underwent a similar
abdominal surgery but no CGX, showed very unexpected results of no change in
abdominal blood volume despite becoming hypertensive. It appears that abdominal

surgery, at least for SGX, causes an alteration in blood volume regulation.

During surgery and manipulation of the gastrointestinal organs (stomach, intestines,
spleen and often liver), it is possible that unforeseen tissue damage could result in
local inflammation, leading to the accumulation of both cellular (neutrophils and
leukocytes) and chemical mediators (such as histamine, pro-inflammatory cytokines
and inducible nitric oxide) at the surgical site, resulting in a change in the
microcirculation of these surgically manipulated tissues, as seen in previous

abdominal surgery rats.?6.98
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One possible explanation for the alteration in the microvascular after surgery has
been linked to nitric oxide (NO), which can be formed continuously in the vascular
endothelium and neuronal tissue by the constitutive NO synthase (endothelial NO
synthase and neuronal NO synthase, respectively).1%0 Endogenous NO is known to
play a key part in maintaining microvascular integrity during normal physiological
circumstances.101 It is important to note that NO can also be formed in blood vessels
due to various pathological conditions, such as prolonged hemorrhage and septic
shock, by the inducible form of nitric oxide synthase.102-103  The physiologically
generated NO by endothelial NO synthase beneficial microcirculatory effects are
reported to attenuate vascular permeability, plasma extravasation and
inflammation.1%¢ Therefore, rats that underwent laparotomy and gastrointestinal
handling had a reduction in endogenous NO production and increase in vascular
permability.9698 When these animals were given NO synthase inhibitor, N¢-nitro-L-
arginine methyl ester (L-NAME), there was an increase in plasma extravasation ,
which was made better with NO donor,-nitroso-glutathione.?¢ This confirms the
importance of endogenous NO in maintaining microvascular integrity' during
surgery. But, most importantly, verifies abdominal surgery and gastrointestinal
organ manipulation disrupts the vascular endothelium by decreasing NO. While
this is only one mechanism out of many that could occur during abdominal surgery
and gastrointestinal organ handling, further investigation into selectively disrupting
the celiac plexus without the need to open the abdominal cavity and handle the

stomach and intestines would help address this surgical phenomenon.
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In conclusion, the early development of hypertension in DOCA-salt treated animals
can be established by either a redistribution of blood volume and by an increase in
total blood volume, and is based on if surgical manipulation is involved. Overall, a
decrease in splanchnic blood volume is not required for the development of DOCA-

salt hypertension in this study
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Figure 3: Chest and abdominal bioimpedance recording during a head up postural
tilt. The animal began in a supine position and was brought to a ~90° HUT and

finished in a supine position. The duration of the experiment was 5 minutes.
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and finished in a supine position. The duration of the experiment was 5 minutes.

52



Bioimpedance =T
Supine S T

A. Chest

~~

£

S z A PR : ,‘l"' LA g i PR

C 5, Pyt g b Froue '(!’- nh e "","'“ Y oW “I"L"'M,‘:', PRI ¥
23 -

B. Abdominal breath breath

Bioimpedance Bioimpedance

T
E | ey i W L N W Rty -~
_S 23 1 I’a \‘ ',V" » ’;bh‘ "‘l‘. 'U" "'w." l‘m “v‘. n
! M ' hd
0 1 2 3 4 5 (mins)

Figure 5: Bioimpedance recordings during a supine position. The duration of the
experiment was 5 minutes.

53



>

130
125
120
115
110
105
100

95

Mean Arterial Pressure (mmHg)

=~

0.06

0.05

0.04

0.03

Estimated Fluid Volume (1/2)

0.02

(2]

o o o
[=] [=] -
o ® o

Estimated Fluid Volume (1/2)
2

135

1

e |DOCA+saline| H20
(Lrcaciois, !

—@— SHAM (n=5)

I
i
i —O— DOCA (n=9)
I
I
i
I

Control Saline ' DOCA+saline H20

Thoracic —@— SHAM (n=6)

—O— DOCA (n=9)

Control | Saline

—e— SHAM (n=6)

Abdominal —O— DOCA (n=9)

123 45 6 7 8 910111213141516
Days

Figure 6: Mean arterial pressure (A), estimated thoracic fluid volume (B) and
estimated abdominal fluid vol (C) resp in rats treated with DOCA-salt or
distilled water. * Significant difference (p<0.05) compared to control day 2.

54



800
\3700
£5600
w 500
< 400
3300
" 200

100

® SGX (n=3)
9 CGX (n=5) \ 99%
(1}
v96%
v 50% +81%
ma
Kidney Liver Spleen

Figure 7: Tissue norepinephrine (NE) content in the splanchnic organs in response
to celiac ganglionectomy (CGX) and SHAM-operated (SGX) in DOCA-salt treated rats.

55



>

150

Control

140 o
130

120

110

100

T
|
1
1
1
1
|
|
1
|
1
1
1
H

Saline |DOCA+saline | H20
S

Mean Arterial Pressure (mmHg)

90

0.09

Control Saline

H20

| DOCA+saline|

2

0.08

Thoracic

0.07

0.06

d Fluid Vol

0.05

0.04

o

(2]

0.07 s =
Control

(112)

0.06 Abdominal

0.05 |

ted Fluid Vol

0.04 |

0.03 .

01234567 8 910111213141516
Days

—8— DOCA/ SGX (n=7)
—O0— DOCA/ CGX (n=9)

—®— DOCA/SGX (n=4)
—CO— DOCA/CGX (n=8)

—&— DOCA/SGX
—O— DOCA/CGX

(n=4)
(n=8)

Figure 8: Mean arterial pressure (A), estimated thoracic fluid volume (B) and

estimated abdominal
ganglionectomized (CGX) or SHAM operated rats

56

fluid volume (C) response to DOCA-salt

in celiac



a
o

Control

N
o

W
o

N
o

o

o
]

Saline | D!
—

OCA+saE1§ T H20

©
(=]

=
)

Control

o
o
@

Thoracic

=4
o
)

o
o
&

o
o
N

Control

o
N

Abdominal

o
o

o
=]
@

o
=]
e

0.04

Estimated Fluid Volume (1/2) © Estimated Fluid Volume (112) % Mean Arterial Pressure (mmHg) =

23 4567 8 910111213

Days

I
141516

|

|

—m— DOCA / SGX (n=7)
—C— DOCA / CGX (n=9)
—e— SHAM (n=5)

—O— DOCA (n=9)

—@— SHAM (n=6)
—O— DOCA (n=9)
—m— DOCA/ SGX (n=4)
—O— DOCA/ CGX (n=8)

—e— SHAM (n=6)
—O— DOCA (n=9)
—m— DOCA/SGX (n=4)
—C+— DOCA /CGX (n=8)

Figure 9: Mean arterial pressure (A) and the response of estimated thoracic (B) and
abdominal (C) fluid volume in abdominal surgery rats (CGX and SGX) and non-
abdominal surgery rats (DOCA and SHAM).

57



=)

:g Control | Saline |DOCA#+saline]  H20
= 180

(< })

§ 160 - 25.3 20.1
7]

g

Q. 140 ;

3 19.8

@

£t 120 218

<

&

o 10 —7————F—————+————
= 01234567 8 910111213141516

Days

Figure 10: Mean arterial pressure response to DOCA-salt in SHAM operated (SGX)
rat (n=1). The numbers in the box represent plasma volume (ml).

58



|
NN W W
(= NS T = R )

-
o

Plasma volume (m
o o

o

Non- Surgery
surgery (n=3)
(n=2)

Figure 11: The plasma volume results for non-abdominal and abdominal surgery
rats.

59



References

1.

Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, 1zzo ]JL, Jones DW,
Materson B]J, Oparil S, Wright JT, Rocecella E]. Seventh report of the joint
national committee on prevention, detection, evaluation, and treatment of
high blood pressure. Hypertension. 2003:42:1206-1252.

Kaplan N, Mendis S, Poulter N, Whitworth ]. 2003 world health organization
international society of hypertension statement on management of
hypertension. Hypertension. 2003;21:1983-1992.

Giles TD. Should we refine hypertension? Current Cardiology Report.
2006;8:395-398

Glasser SP, Basile JN, Lackland DT. Does pre hypertension represent an
increased risk for incident hypertension and adverse cardiovascular
outcome? Hypertension. 2009;54:954-955.

Bello VD, Taini E, Dell'omo G, Ciannini C, Donne MG, Canale ML, Nardic C,
Palagi C, Dini Fl, Penno G, Prato Sd, Marzilli M. Early left ventricular
mechanism abnormalities in pre hypertension. Am J Hypertens. 2009

Eshoo S, Ross DL, Thomas L. Impact of mild hypertension on left arterial size
and function. Cir Cardiovasc Imaging. 2009;2:93-99.

Dlugosavak, mitalskova M, Bernatoval, Weismann P, Okruhlicova L. Reduced
connexin-43 expression in the aorta of pre hypertension rats. Physiol Res.
2008;57:23-29.

Lucini D, Mela GS, alliani A, Pagani M. Impairment in cardiac autonomic
regulation preceding arterial hypertension in humans. Circulation.
2002;106:2673-2679.

Palatini P, Julius S. The role of cardiac autonomic function in hypertension
and cardiovascular disease. Curr Hypertens Rep. 2009;3:199-205.

10.Klabunde RE. Secondary Hypertension. Cardiovascular Pysiology Concepts.

Lippincott, Williams and Wilkins. 2005.

11. Marteau JB, Zaiou M, Siest G, Visvikis-Sests. Genetic determination of blood

pressure regulation. J Hypertens. 2005;12:2127-2143.Ventura HO, Taler S},
Strobeck JE. Hypertension as a hemodynamic disease: the role of impedance
cardiography in diagnostic, prognostic, and therapeutic decision making. AmJ
Hypertens. 2005;18:26-43.

60



12.Cowley AW. Long-term control of arterial pressure. Physi'ol Rev.
1992;72:231-300.

13.Gelman S. Venous function and central venous pressure. Anesthesiology.
2008;108:735-748

14.Reddi BA, Carpenter RH. Venous excess: a new approach to cardiovascular
control and its teaching. ] Appl Physiol. 2003;94:849-859.

15.Conway ]J. Hemodynamic aspects of essential hypertension in humans.
Physiol Rev. 1984;64:617-660.

16. Schmieder RE, Schobel HP, Messerli FH. Central blood volume: determinant of
early cardiac adaptation in arterial hypertension? | Am Coll Cardiol.
1995;26:1692-1698.

17. Johnson R], Iturbe B, Kang D, Feig DI, Acosta J. A unifying pathway for
essential hypertension. Am J Hypertens. 2005;18:431-440.

18. Osborn JW, Averina VA, Fink GD. Current computational models do not reveal
the importance of the nervous system in the long-term control of arterial
pressure. Exp Physiol. 2009;94:381-397.

19. VanBortel LM, Spek JJ. Influence of aging on arterial compliance. | Human
Hypertens. 1998;12:583-586.

20. Tyberg JV. How changes in venous capacitance modulate cardiac output. Eur
] Physiol. 2002;445:10-17.

21. Fink GD. Sympathetic activity, vascular capacitance, and long-term regulation
of arterial pressure. Hypertension. 2009;53:307-312.

22. Flamm SDT, Moore RL, Keech FM, Ahmad MC, Dragotakes S, Alpert N, Strauss
HW. Redistribution of regional and organ blood volume and effects on cardiac
function in relation to upright exercise intensity in healthy human subjects.
Circulation. 1990;81:1550-1559.

23. Robinson V]B, Manyari DE, Tyberg ]V, Fick GH, Smith ER. Volume-pressure
analysis of reflex changes in forearm venous function. A method by method by
mental arithmetic stress and radionuclide plethysmography. Circulation.
1989;80:99-105.

24. Guyton AC, Coleman TG, Granger HJ. Circulation overall regulation. Annu Rev
Physiol. 1972;34:13-46.

61



25. Hall JE, Granger JP, Hester RL, Montani JP. Mechanisms of sodium balance in
hypertension: role of pressure natriuresis. | Hypertens Suppl. 1986;4:S57-S65.

26.Charra B, Chazot C. Volume control, blood pressure and cardiovascular
function. Nephron Physiol. 2003;93:94-101.

27. Hall JE, Guyton AC, Coleman TG, Mizelle HL, Woods LL. Regulation of arterial
pressure: role of pressure natriuresis and diuresis. Fed Proc. 1986;45:2897-
2903.

28.Guyton AC, Coleman TG. Long-term regulation of circulation:
interrelationships with body fluid volumes. W.B Saunders Co. Philadelphia
1967.

29.Guyenet PG. The sympathetic control of blood pressure. Nature Rev
Neuroscience. 2006;7:335-346.

30.Guyton AC. Abnormal renal function and autoregulation in essential
hypertension. Hypertension. 1991;18(5 Suppl.):11149-11153.

31. Guyton AC. Kidneys and fluids in pressure regulation. Small volume but large
pressure changes. Hypertension. 1992;19(1 Suppl.):12-18.

32.Frohlich ED, Susic D. Mechanisms underlying obesity associated with
systemic and renal hemodynamics in essential hypertension. Curr Hypertens
Rep. 2008;10:151-5.

33.Safar M, London G, Weiss YA, Milliez PL. Altered blood volume regulation in
sustained essential hypertension: a hemodynamic study. Kidney Int.
1975;8:42-47.

34.Saad E, Charra B, Raj DS. Hypertension control with daily dialysis. Semin Dial.
2004;17:295-298.

35. Messerli FH, Ventura HO, Reisin ER, Drelinski GR, MacPhee AA, Frohlich ED.
Borderline hypertension and obesity: two prehypertensive states with
elevated cardiac output. Circulation. 1982;66:55-60.

36.Grekas D, Bacharaki D, Goutzaridis N, Kasimatis E, Tourkantonis A.
Hypertension in chronic hemodialysis patients: current view on
pathophysiology and treatment. Clin Nephrol. 200;3:164-168.

37.Wilson ], Shah T, Nissenson AR. Role of sodium and volume in the
pathogenesis of hypertension in hemodialysis. Semin Dial. 2004;17:260-264.

62



38. Safar ME, London GM. Arterial and venous compliance in sustained essential
hypertension. Hypertension. 1987;10:133-139.

39.London GM, Safar ME, Simon AC, Alexandre JM, Leveson JA, Weiss YA. Total
effective compliance, cardiac output and fluid volumes in essential
hypertension. Circulation. 1978;57:995-1006.

40. Chau NP, Coleman TG, London GM, Safar ME. Meaning of the cardiac output-
blood volume relationship in essential hypertension. Am ] Physiol.
1982;243:R318-328.

41.Julius S, Pascual AV, Reilly K, London R. Abnormalities of plasma volume in
borderline hypertension. Arch Intern Med. 1971;127:116-119.

42.Cardenas A. Mechanisms of water and sodium retention in cirrhosis and the
pathogenesis of ascites. Best Practice & Research Clin Endo &Meta.
2003;17:607-622.

43. Shibao C, Gamboa A, Diedrich A, Biaggioni . Management of hypertension in
the setting of autonomic failure. Hypertension. 2005;45:469-476.

44.Shannon J, Jordan ], Costa F, Robertson RM, Biaggioni I. The hypertension of
autonomic failure and its treatment. Hypertension. 1997;30:1062-1067.

45. Shibao C, Gamboa A, Abrahams R, Raj SA, Diedrich A, Black B, Robertson D,
Biaggioni I. Clonidine for the treatment of supine hypertension and pressure
natriuresis in autonomic failure. Hypertension. 2006;47:522-526.

46.Esler MD. The sympathetic system and hypertension. Am ] Hypertens.
2000;13:599-5105.

47.Esler M, Ferrier C, Lambert G, Eisenhofer G, Cox H, Jennings G. Biochemical

evidence of sympathetic hyperactivity in human hypertension. Hypertension.
1991;17:11129-11135.

48.Ferrier C, Esler M, Eisenhofer G, Wallin BG, Horne M, Cox HS< Lambert G,
Jennings GL. Increased norepinephrine spillover into the jugular veins in
essential hypertension. Hypertension. 1992;19:62-69.

49.Luo M, Hess MC, Fink GD, Olson LK, Rogers J, Kreulen DL, Dai X, Galligan JJ.
Differential alterations in sympathetic neurotransmission in mesenteric
arteries and veins in DOCA-salt hypertensive rats. Autonomic Neuroscience:
Basic and Clinical. 2003;104:47-57.

50. Pinto YM, Paul M, Ganten D. Lessons from rat models of hypertension: from
Goldblatt to genetic engineering. Cardio Research. 1998;39:77-88.

63



51.King AJ], Fink GD. Chronic low-dose angiotensin Il infusion increases
venomotor tone by neurogenic mechanisms. Hypertension. 2006;48:927-933.

52.Greenway CV, Lautt WW. Blood volume, the venous system in the overall
cardiovascular homeostasis. Fed Proc. 1986;64:383-387.

53.Greenway CV. Role of splanchnic venous system in overall cardiovascular
homeostasis. Fed Proc. 1983;42:1678-1684. :

54.Fink GD, Johnson R}, Galligan JJ. Mechanisms of increased venous smooth tone
in deoxycorticosterone acetate-salt hypertension. Hypertension. 2000;35:464-
469.

55. Anderson EA, Sinkey CA, Lawton W], Mark AL. Elevated sympathetic nerve
activity in borderline hypertensive humans, Evidence from direct intraneural
recordings. Hypertension. 1989;14:177-183.

56.King A], Osborn JW, Fink GD. Splanchnic circulation is a critical neural target
in angiotensin II salt hypertension in rats. Hypertension. 2007;50:547-556.

57.Sugawara T, Noshiro T, Kusakari T, Shimizu K, Watanabe T, Akama H,
Shibukawa S, Miura W, Miuray. Preferential changes in hepatosplanchnic
hemodynamics in patients with borderline hypertension. Hypertens Res.

58. Li M,Galligan ], Wang D, Fink G. The effects of celiac ganglionectomy on
sympathetic innervation to the splanchnic organs in the rat. Auto Neurosci.
2010;154:66-73.

59. Hsieh NK, Liu JC, Chen HI. Localization of sympathetic postganglionic neurons
innervating mesenteric artery and veins in rats. / Auton Nerv Syst. 200;80:1-7.

60. Grimson KS. Total thoracic and partial to total lumbar sympathectomy and
celiac ganglionectomy in the treatment of hypertension. Annals of Surgery.
1941;114:753-775.

61. Hoobler SW, Manning JT, Paine WG, McClellan SG, Helcher PO, Renfert Hjr.,
Peet MM, Kahn EA. The effects of splanchnicectomy on the blood pressure in
hypertension-a controlled study. Circulation. 1951;4:173-183.

62.0’Toole TM, Schmulewitz N. Complication rates of EUS-guided celiac plexus
blockade and neurolysis: results of a large case series. Endoscopy.
2009;41:593-597.

63. Kubicek WG, Kottke F], Laker D], Visscher MB. Renal function during arterial

hypertension produced by chronic splanchnic nerve stimulation in the dog.
Am ] Physiol. 1953;174:397-400.

64



64. Smithwick RH, Thompson JE. Splanchnicectomy for essential hypertension;
results in 1,266 cases. ] Am Med Assoc. 1953;152:1501-4.

65.]James KB, Troughton RN, Feldschuh ], Soltis D, Thomas D, Fouad-Tarazi F.
Blood volume and brain natriuretic peptide in congestive heart failure: a pilot
study. Am Heart]. 2005;150:984-988.

66. Fouad-Tarazi F, Calcatti J, Christian R, Armstrong R, DePaul M. Blood volume
measurements as a toll in diagnosing syncope. Am ] Med Sci. 2007;334:53-56.

67. Remington JW, Baker CH Evaluation of blood volume measurement technique.
Circ Res. 1961;9:60-68.

68. Gore CJ, Hopkins WG, Burge CM. Errors of measurement for blood volume
parameters: meta-analysis. | Appl Physiol. 2005:99:1745-1758

69.Duong TQ, Kim S. In vivo MR measurements of regional arterial and venous
blood volume fractions in intact rat brains. Magnetic Res Med. 200;43:393-
402.

70. Davis CL, Thong T, Belzberg H, Phillips C, Holden WE, Thornburg KL. Direct
coextensive plethysmography for non-invasive measurement of systemic
pressures and volumes. Conf Proc IEEE Eng Med Biol Soc. 2004;3:2318-21.

71.Erh AC, Diedrich A, Raj SR. Techniques used for the determination of blood
volume. Am J Med Sci. 207;334:32-36.

72.Pang CC. Measurement of venous tone. ] Pharmacol Toxicol Methods.
2000;44(2):341-69.

73.Kushner RF, Schoeller DA. Estimation of total body water by bioelectrical
impedance analysis. Am J Clin Nutr. 1986;44:417-424.

74.Thomas BJ, Cornish BH, Ward LC. Bioelectrical impedance analysis for the
measurement of body fluid volume. J Clin Eng. 1992;17:505-510.

75.Geddes L, Hoof H. The measurement of physiologic events by electrical
impedance. Am ] Medical Electronics. 1964;1:407-416.

76.Cornish BH, Jacobs A, Thomas BJ, Ward LC. Optimizing electrode sites for
segmental bioimpedance measurements. Physiol Meas. 1999;20:241-250.

77. Hall CB, Lukaski HC, Marchello M]. Estimation of rat body composition using
tetrapolar bioelectrical impedance analysis. Nutr Rep Int. 1989;39:627-633.

65



78.Stewart JM, McLeod K], Sanyal S, Herzberg G, Montgomery LD. Relation of
postural vasovagal syncope to splanchnic hypervolemia in adolescents.
Circulation. 2004;110:2575-2581.

79. Stewart JM, Medow MS, Montgomery LD, Glover JL, Millonas MM. Splanchnic
hyperemia and hypervolemia during valsalva maneuver in postural
tachycardia syndrome. Am ] Physiol Heart Circ Physiol. 2005;289:H1951-
H1959.

80. Stewart JM, Montgomery LD. Reciprocal splanchnic-thoracic blood volume
changes during the valsalva maneuver. Am J Physiol Heart Circ Physiol.
2005;288:752-758.

81.Titze ], Luft FC, Bauer K, Dietsch P, Lang R, Veelken R, Wagner H, Eckardt K,
Hilgers KF. Extrarenal Na+ balance, volume, and blood pressure homeostasis
in intact and ovariectomized deoxycorticosterone-acetate salt rats.
Hypertension. 2006;47:1101-1107.

82.Campese VM. Salt sensitivity in hypertension: renal and cardiovascular
implications. 1994;23:531-550.

83.Schenk ], McNeil JH. The pathogenesis of DOCA-salt hypertension. |
Pharmacol Toxicol Methods. 1992;27:161-170.

84. Hall CE, Hall O. Interactions between desoxycorticosterone treatment, fluid
intake, sodium consumption, blood pressure, and organ changes in rats’
drinking water, saline, or sucrose solution. Can J Pharmacol. 1969;47:81-86.

85. Tajima Y, Ichikawa S, Saka maki T, MatsuoH, Aizawa F, Kogure M, Yagi S,
Murata M. Body fluid distribution in the maintenance of DOCA-salt
hypertension in rats. Am J Physiol. 1983;244:H695-H700.

86. Seeliger E, Wronski T, Ladwig M, Rebeshke T, Persson PB, Reinhardt HW. The
body fluid pressure control system relies on the rennin-angiotensin-
aldosterone system: balance studies in freely moving dogs. Clin Exp Pharma
Physiol. 2005;32:394-399.

87.Titze ]. Water-free sodium accumulation. Seminars in Dialysis. 2009;22:253-
255.

88. Ziomber A, Machnik A, Dahlmann A, Dietsch P, Beck F, Wagner H, Hilgers KF,
Luft FC, Eckardt K, Titze . Sodium, potassium, chloride, and biocarbonate-
related effects on blood pressure and electrolyte homeostasis in
deoxycorticosterone acetate-treated rats. Am | Physiol Renal Physiol.
2008;295:F1752-F1763.

66



89.May CN. Differential regional haemodynamic changes during
mineralocorticoid hypertension. J Hypertens. 2006;24:1137-1146.

90. Hofer CK, Zalunardo MP, Klaghofer R, Spahr T, Pasch T, Zollinger A. Changes
in intrathoracic blood volume associated with pneumoperitoneum and
positioning. Acta Anaesthesiol. 2002;46:303-308.

91. Haruna Y, Bonde Peterson F, Takenaka K, Suzuki Y, Kawakubo K, Gunji A.
Effects of the renin-angiotensin-aldosterone system on the cardiovascular
system during 20 days bed rest. ] Gravit Physiol. 1997;4(1):562-68.

92. Lieshout JJ, Harms MP, Pott F, Jenstrup M, Secher NH. Stroke volume of the
heart and thoracic fluid content during head-up and head-down tilt in
humans. Acta Anaesthesiol. 2005;49:1287-1292.

93.]Jans O, Tollund C, Nielsen M, Selmer C, Warberg ], Secher NH. Goal-directed
fluid therapy: stroke volume optimization and cardiac dimensions in supine
healthy humans. Acta Anaesthesiol. 2008;52:536-540

94.Yang CC, Yeh IT, Lai HY, Chen HI, Kuo TB. Dynamic effects of respiration on
aortic blood flow and its autonomic control in rats. Clin Exp Pharmacol
Physiol. 2008,35(11):1294-1300.

95.Lundin S, Folkow B, Rippe B. Central blood volume in spontaneously
hypertensive rats and Wistar-Kyoto normotensive rats. Acta Phyaiol Scand.
1981;112(3):257-262.

96.Laszlo F, Morschl E, Pavo I, Whittle B. Nitric oxide modulates the
gastrointestinal plasma extravasation following intraabdominal surgical
manipulation in rats. Euro ] Pharm. 1999;375:211-215.

97. Akerstrom G. Lundin S, Lisander B. Decrease in plasma volume from
intraabdominal trauma in rats. Acta Anaest Scand. 2008;4:272-276.

98. Tost H, Gogl A, Lendvai A, Bartha ]. Effects of extracellular volume expansion
and surgical stress on splanchnic blood flow and cardiac output in
anesthetized rats: role of nitric oxide. J Cardiovasc Pharmacol. 2003:41:452-
459.

99. Maddox DA, Price DC, Rector FC. Effects of surgery on plasma volume and salt
and water excretion in rats. Am J Physiol. 1977;233:F600-F606.

100. Moncada S, Higgs EA. Molecular mechanisms and therapeutic strategies
related to nitric oxide. FASEBJ. 1995;9:1319-1330.

67



101.Moncada S, Palmer RM]J, Higgs EA. Nitric oxide: physiology, pathophysiology,
and pharmacology. Pharmacol Rev. 1991;43:109-141.

102.Sail N, Catania RA, Wang P, Coffin WG, Bland KI, Chuddy IH. Gut and liver: the
organs responsible for increased nitric oxide production after trauma-
hemorrhage and resuscitation. Arch Surg. 1998;133:399-405.

103.Stoclet ], Muller B, Gyorgy K, Andriansiothaina R, Kleschyov A. The inducible
nitric oxide synthase in vascular and cardiac tissue. Euro | Pharmac.
1999;375:139-155.

104.Wedmore CW, Williams T]. Control of vascular permeability by
polymorphonuclear leukocytes in inflammation. Nature. 1981;289:646-650.

68



1293 03063 441)4




